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MaWe discuss the concept of ultrasound imaging at a distance by presenting the evaluation of a customized, lightweight,
human-safe robotic arm for low-force, long-distance, telerobotic ultrasonography. We undertook intercity and trans-
Atlantic telerobotic ultrasound simulation from master stations located in New York, New York and Munich, Germany, and
imaged a phantom and a human volunteer located at a slave station in Burlington, Massachusetts, using standard Internet
bandwidth <100 Mbps and <50 Mbps, respectively. The data from the robotic arm were tracked for understanding the
time efﬁciency of the human interactions at the master stations. Comparison of a beginner in ultrasound operation with a
professional sonographer revealed that although proﬁciency in using ultrasound was not a prerequisite for operating the
robotic arm, previous experience in using clinical ultrasound was associated with progressively lower probe maneuvering
time and speed due to an enhanced ability of the veteran operator in adjusting the ﬁner angular motions of the probe.
These results suggest that long-distance telerobotic echocardiography over a local nondedicated Internet bandwidth is
feasible and can be rapidly learned by sonographers for cost-effective resource utilization. (J Am Coll Cardiol Img
2014;7:804–9) © 2014 by the American College of Cardiology Foundation.C linical applications of ultrasound havegrown and become an integral part ofcontemporary clinical medicine. In addition
to diagnostic applications, ultrasound is widely used
for procedural planning, guidance, and patient
monitoring. However, the obvious advantages in
safety, cost, and portability of ultrasound systems
are offset by the need for education and training
for providing high-quality examinations and
proper interpretations. This is particularly relevant
for clinical assessments in underserved areas
(where resources and skills are limited), evaluation
of patients with complex disease (such as guid-
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Improvements in computer and digital technology
have revolutionized the storage, transmission, and
interpretation of medical images, including ultra-
sound, allowing images to be reviewed at remote lo-
cations (1). The combination of digital imaging and
telerobotics may expand the use of ultrasound even
further, allowing an expert to perform an examination
from a distance, virtualizing both ultrasound image
acquisition and interpretation. The robotic arm of the
telerobotic ultrasound system must be intrinsically
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805with very ﬁne adjustments through the necessary
degrees of freedom for optimizing image quality.FIGURE 1 Design of the Robotic Arm Used at the Slave Station
(A) The intended design and (B) the actual appearance of the 2-kg, 7-degree-
of-freedom, modiﬁed Dynamixel servo-actuated Cyton Gamma robotic arm
customized with an end effector holder for a vascular ultrasound transducer.
Note that the ﬁnal design for human trials currently underway has a cloth
cover that serves as an electrical, wire, and splash guard for the device.
SEE PAGE 810 CCA = common carotid artery
eHealth = electronic health
mHealth = mobile health
It will require safety systems that prevent accidental
movement of the probe or robotic arm, and it must
be able to provide the operator with precise spa-
tial location (e.g., infra-red localization) and force-
feedback (e.g., pressure sensors, haptic). Although
robotic ultrasound systems have been under investi-
gation for a long time, most were developed as
guidance systems for surgical procedures. Recent
technological advances and cost reductions in robotic
hardware and control systems have enabled devel-
opment of affordable and effective telerobotic ultra-
sound systems to cater to broader clinical practice.
These updates will help bring much-needed resources
and expertise to remote (e.g., rural, frontier) and
dangerous (e.g., battle zones) locations and expand
the applicability of community screening procedures
(e.g., carotid intima-media thickness and plaque im-
aging), which are currently largely constrained by the
availability and throughput of trained operators. In
addition to remote locations, tele-echocardiography
can aid practice within institutions, providing timely
studies for patients who are hospitalized or waiting in
emergency triage locations. Moreover, it could also
allow the cardiologists to collaborate virtually and on-
demand during advanced procedures (e.g., elective
cardiac structural interventions). During the structural
interventions performed under ﬂuoroscopic guidance,
the ability to hold an ultrasound probe in a stable
position over prolonged periods may be particularly
helpful in reducing undue radiation exposure.
There are several factors that may affect the per-
formance of remote telerobotic ultrasound. First,
exercising remote control of electromechanical sys-
tems through software over long distances requires
optimal bandwidth. The majority of systems in the
past have advocated the use of a high-bandwidth,
dedicated telecommunication line or a dedicated
high-speed terrestrial ﬁberoptic network for remote
operations, which may limit applicability (2). Al-
though the Internet is low-cost and widely available,
there are few data on using it with nondedicated
bandwidth for long-distance telerobotic ultrasound.
Second, remote telerobotic ultrasound is dependent
on the intrinsic capabilities of the robotics, as well as
the human factors that inﬂuence the interaction with
the control systems and the software interface. The
robotic arm does not perform the examination but
simply acts as an extension for mechanizing the
remote operator’s intentions. The amount of training
required for successful navigation of the remoterobotic arms over the Internet by clinical
personnel may vary. In particular, it is unclear
whether experience with clinical ultrasound
will affect the performance of steering the
ultrasound probe with a robotic arm.
In May 2013, we used a new prototype
medical telerobotic ultrasound system and tested the
feasibility for long-distance imaging over local
Internet service. A vascular ultrasound phantom at a
slave station in Burlington, Massachusetts (near
Boston), was imaged successively from 2 long-
distance master stations, 1 created in New York,
New York and 1 at a trans-Atlantic site in Munich,
Germany. We also examined the blinded interactions
of a beginner sonographer and an expert sonographer
in their operation of the robotic arm’s software con-
trol system to determine the learning curve for the
control system and understand the nuances of robotic
arm motion that correlated with the overall efﬁciency
of remote ultrasound probe navigation.
THE SLAVE STATION
The telerobotic platform (TeleHealthRobotics, Chi-
cago, Illinois) had several core components including
a lightweight (2.0 kg), 7-degree-of-freedom, servo-
actuated robotic arm (Cyton Gamma conﬁguration,
Energid Technologies Corporation, Cambridge, Mas-
sachusetts) (Fig. 1). The arm was capable of (low)
1.5 kg payload, low force, and composed of minimum
power servos operating at its joints. The robotic arm
FIGURE 2 Remote Operator Control Interface at the Master Station
The remote operator control interface at the master station has synthetic
imagery for a secondary, less variable, and highly deﬁned mode of monitoring
with (A) front, (B) side, and (C) overhead views of the simulated patient
environment. These 3 views mimic the viewpoints provided by the telerobotic
platform’s camera system that feeds the actual imagery into the interface. The
x, y, and z-axis lines are overlaid onto the imagery to aid the operator in
achieving the appropriate axial orientation of the arm’s end effector (the
ultrasound probe) at all times. When the remote operator enables neck mode
within the control interface, the control software forces the end effector to
move along a constrained arced trajectory (D) corresponding to the radius of a
patient’s neck (phantom’s arced surface and volunteer’s neck radius, in this
study). (E) The interface enables the remote operator to apply constraint of
linear and angular motion of particular points along the end effector
mimicking the ﬁnite motion capabilities driven by a human wrist in manual
ultrasound execution. Any of the points (P1, P2, or P3) can rotate about any of
the angles (q1, q2 or q3) shown in red. This supports, for example, ﬁxing point
P1 and ﬁshtailing P3 or changing the depth of P3.
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806was controlled over the Internet, supported by video
and sound feed that would allow the operator to
interact with the subject in real time while acquiring
real-time ultrasound images.
The arm was attached to a customized end effector
holder for housing a linear L38/10-5 MHz transducer
from a SonoSite ultrasound processing unit (Titan
model no. PO4101-26, Philips Healthcare, Bothell,
Washington) with video output capability (Fig. 1).
The camera system included a combination of
Hitachi and Dragonﬂy cameras (Point Grey, Rich-
mond, British Columbia, Canada) positioned in front
of the phantom, overhead, and to the side of the
phantom (facing the phantom). A personal computer
running Windows was also set up in the slave station
for collecting information and transmitting this
information to the control system in the master
station.THE MASTER STATION
The telerobotic system in the slave station was
controlled by remote operators stationed at a generic
personal computer (Fig. 2). A robotic control, safety,
and sensing software system used for local or remote
probe navigation (remote control user interface) was
installed on the personal computer. This interface
was adjustable in size and conﬁgurations for enabling
the operator to understand the location and motion of
the robotic arm and patient through synthetic and
real imagery and to control the robotic arm while
continuously observing the target (Fig. 3, Online
Videos 1 and 2). The interface enabled the operator
to make any single image or group of 4 real or syn-
thetic images dominant so that they could be viewed
in a larger frame (instead of a thumbnail). In this case,
bandwidth from the source of the dominant image
feed(s) was automatically throttled to adjust to the
overall video bandwidth.
In addition to the viewing controls, the user inter-
face control panel included the ability to drive the
motion of the robotic arm. The interface permitted
tight control of the linear and angular motion of the
robotic arm, allowing operators to mimic the ﬁnite
motion capabilities of a human wrist. The remote
operator controlled linear and angular motion by
using a conventional mouse, the dials of the remote
control interface, and the keyboard.
THE INTERCITY AND
TRANS-ATLANTIC SIMULATIONS
The investigators performed intercity and trans-
Atlantic vascular ultrasound examinations on
a 2-vessel, vascular access simulation-training phan-
tom (Blue Phantom, Kirkland, Washington). One
experienced principal operator (P.P.S.) ﬁrst tested the
feasibility and time efﬁcacy of the remote intercity
and trans-Atlantic imaging separately. Thirty runs
were attempted initially between New York (master
station) and Burlington (slave station). The Internet
bandwidth used was <100 Mbps. The ﬁrst intercity
simulation required 231 s for initial visualization and
localization of the ultrasound vascular phantom on
the remote controller interface. The time to visuali-
zation was progressively shortened to <10 s by the
end of the ﬁrst 30 simulations. Subsequently, 15 runs
were performed on a separate day between Munich
(master station) and Boston (slave station). All trans-
Atlantic simulations were performed at <50 Mbps
with all runs performed in <40 s. No Internet latency
was experienced in controlling the robotic arm mo-
tion during the simulations from either location.
FIGURE 3 Trans-Atlantic Robotic Ultrasound for Remote Imaging
of Carotid Artery
This graphic illustrates screenshots of (A) the synthetic navigation view, (B)
the imaging of the vascular phantom along its (left) short and (right) long
axes, and the imaging of the common carotid artery (CCA) of a (C) human
volunteer during trans-Atlantic remote imaging feasibility studies. Please see
Online Videos 1, 2, and 3.
J A C C : C A R D I O V A S C U L A R I M A G I N G , V O L . 7 , N O . 8 , 2 0 1 4 Sengupta et al.
A U G U S T 2 0 1 4 : 8 0 4 – 9 Trans-Atlantic Robotic Tele-Ultrasound Imaging
807To explore the learning curve in trainees with
varying degrees of proﬁciency in ultrasound imag-
ing, we performed 2 additional sets of simulations.
The imaging times and robotic arm movements
were compared between personnel with advanced
training in clinical ultrasound (advanced trainee)
and a beginner with minimal training in cardiovas-
cular ultrasound (early trainee). Both personnel were
blinded to each other and to the previous experi-
mental runs. For exploring the motion kinematics, a
series of data points were collected and exported
from the user interface tracking software to an
Excel ﬁle. From these data, we analyzed the
maximum and minimum linear and angular ve-
locities of the ultrasound probe in x, y, and z
directions. We also calculated the maximum and
minimum average linear and angular velocities for
each simulation.
The data ﬁles from the ﬁrst 3 simulations per-
formed by the advanced trainee failed to record on
the Excel ﬁle and were therefore excluded. When
comparing the remaining 27 simulations performed
by the advanced trainee and the 30 simulations
performed by the early trainee, the linear and
angular velocities were found to be signiﬁcantly
smaller for the advanced trainee (Table 1). When
comparing the overall temporal trends of the sim-
ulations, a progressive exponential reduction of
the time to appearance of the ﬁrst ultrasound
image (visualization of the phantom) was seen for
the advanced trainee but not for the early trainee
(Figs. 4A and 4B). This ﬁnding suggests that the
advanced trainee reduced the time to visualiza-
tion by moving the robotic arm more efﬁciently in
space. Furthermore, although the movements of
the advanced trainee had lower average velocities,
the SDs were higher, suggesting that the operator
likely continuously adapted to the speed of the
ﬂight path.
We further explored the component velocity that
correlated with the overall time for remote visualiza-
tion. Angular velocities in x (r ¼ –0.76, p < 0.001), y
(r ¼ –0.63, p < 0.001), and z (r ¼ 0.53, p < 0.001) di-
rections and linear velocities in x (r ¼ –0.53, p < 0.001)
and z (r ¼ 0.32, p ¼ 0.01) directions were signiﬁcantly
correlated with the visualization time. Figure 4C
shows the correlation between average angular
velocity and imaging time. The correlation between
visualization time and angular velocities suggests
that efﬁcient imaging is achieved by making use of the
very ﬁne angular rotation of the robotic arm enabled
by the interface.
We subsequently tested the settings required for
remote robotic carotid imaging in a healthy volunteer(Fig. 3C, Online Video 3). The 2-dimensional ultra-
sound probe was successfully moved by the robotic
arm and brought close to the right side of the volun-
teer’s neck. A synthetic image view of the patient’s
body was conﬁgured in the software control system at
the master station, and a B-mode image of the right
internal carotid artery was developed along its short
axis. The common carotid artery (Fig. 3C, Online
Video 3) was localized along its short axis within
60 s. The artery was also visualized along its long
axes; the entire evaluation was successfully
completed in 4 min. No system latency was experi-
enced, and the volunteer remained comfortable
throughout the duration of the procedure.
DISCUSSION
We conﬁrmed the feasibility of long-distance inter-
city and trans-Atlantic telerobotic ultrasound by us-
ing routine undedicated household bandwidth. The
phantom studies and ﬁrst-in-man trans-Atlantic
volunteer study served as a vital test for operability
over the Internet because networking speeds may
differ between countries and cities due to through-
put issues (limited bandwidth due to network
congestion), network delay (jitter based on network
trafﬁc), and packet loss (routers may drop
TABLE 1 Robotic Arm End-Effector Velocities in the Early and
Advanced Trainee
Early Trainee
(n ¼ 30 Simulations)
Advanced Trainee
(n ¼ 27 Simulations) p Value*
Time, s 45.36  15.73 22.21  32.17 0.001
Velocities, m/s
Linear maximum
x 0.38  0.02 0.23  0.10 <0.001
y 0.33  0.07 0.14  0.11 <0.001
z 0.15  0.00 0.12  0.05 0.90
Average 0.29  0.02 0.16  0.06 <0.001
Linear minimum
x –0.19  0.03 –0.10  0.07 <0.001
y –0.32  0.01 –0.23  0.10 <0.001
z –0.35  0.02 –0.35  0.16 0.94
Average –0.29  0.01 –0.22  0.087 <0.001
Angular velocities, radians/s
Angular maximum
x 0.80  0.00 0.59  0.32 0.002
y 0.73  0.01 0.58  0.15 <0.001
z 0.42  0.00 0.31  0.13 <0.001
Average 0.65  0.01 0.49  0.17 <0.001
Angular minimum
x –0.80  0.00 –0.19  0.33 <0.001
y –0.20  0.06 –0.13  0.20 0.10
z –0.42  0.00 –0.28  0.20 0.001
Average –0.47  0.02 –0.20  0.18 <0.001
Values are mean  SD. *The comparisonsweremadeusingStudent t tests for independent samples.
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808packets in cases of heavy network trafﬁc). This
successful experience helped operators to outline
the settings required for human long-distance re-
mote imaging, and a full-scale, 2-phase, 2-institution
human feasibility study for telerobotic ultrasound
has been planned for 2014. Cohort A of the study
will be composed of 26 healthy volunteers who will






























FIGURE 4 Time to Initial Visualization of the Vascular Phantom Usi
The time required for visualization of the vascular phantom during the si
trainee. On compiling the data from both operators, (C) the time to visua
end-effector recorded during the simulations.acquisitions with the robotic arm controlled over the
Internet between institutions in Chicago and New
York, respectively. Cohort B will enroll 100 patients
who will undergo 1 manual and 1 telerobotic ultra-
sound acquisition for each of their left and right carotid
arteries for detection of carotid plaque.
The simulations data provided key insights into
human behavior regarding operation of—and inter-
action with—the telerobotic ultrasound system. Both
the advanced and early trainees were able to learn
to operate the telerobotic platform, and both started
out with a comparable overall efﬁciency. Although
these ﬁndings suggest potential clinical applicability
over a wide range of clinical experience, the pro-
gressive shortening of imaging time by the advanced
trainee suggests a clear advantage in having previous
proﬁciency in the use of ultrasound. In particular,
slow (deliberate) average angular speeds of the probe
were associated with lower overall imaging time. This
ﬁnding may be related to less overshoot while
obtaining proper horizontal or vertical alignment
with the phantom vessel, suggesting that the motion
of the robotic arm in three-dimensional space is
optimized through slow, methodical ﬁne adjustments
once the probe is in the correct approximate location.
These ﬁndings reinforce the intuitive impression that
an experienced ultrasound imager is more likely to
translate their prior experience in accurately devel-
oping a mental model of the remote ultrasound ex-
amination, and adapting the movements necessary to
execute it. Although sensor and/or image feedback
may help to semi-automate an ultrasound examina-
tion in the foreseeable future, our data reinforce that
overall clinical experience will be useful in image
acquisition using robotic arms. Furthermore, the use
of robotic arms may be advantageous in producingy = 63.10e-0.112x
R2 = 0.48
lations
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mulation runs is shown for (A) the early trainee and (B) the advanced
lization correlated with the average minimum angular velocity of the
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809more precision, steadiness, dexterity, and maneu-
verability, while also reducing musculoskeletal and
posture-related injuries associated with prolonged
imaging for sonographers.
The evolution of long-distance telerobotic ultra-
sound is expected to complement the emerging ﬁeld
of telemedicine and expand the role of sonographers
and physicians in serving as a virtual online “helping
hand” to accomplish a remote ultrasound evaluation
or guiding paramedic workers at a distance. The
emergence of such an efﬁcient system would be
valuable in numerous situations; for example, within
an institution for guiding emergency triage or inter-
ventional procedures, in trauma during civilian acci-
dents or war zones, for screening strategies within
local or remote communities, and in natural disas-
ters or remote space expeditions, allowing wider
delivery of services more efﬁciently and cost-
effectively. It is likely that evolution of the robotic
system would be matched with equal advances in
remote controlling interfaces that could allow
sonographers to be mobile and operate the remote
arms by using touch screens, touch pads, tablets,
or wearable devices. Advances in technology could
also potentially enable sonographers to use ges-
tures, voice- driven commands, or other immersive
interfaces. As technology and medicine continue tomerge, there will be evolving issues of data security,
patient conﬁdentiality, licensure, consent, authenti-
cation, and remuneration that will need pragmatic
solutions. Such regulatory and ethical issues are not
unique to telerobotic ultrasound and are likely to be
addressed through the adoption of electronic health
(eHealth) and mobile health (mHealth) systems.
CONCLUSIONS
Our evaluation suggests that long-distance telerobotic
vascular ultrasound over a local nondedicated
Internet connection is feasible and can be rapidly
learned by experienced sonographers for cost-
effective resource utilization. These advances are
particularly relevant for the emerging ﬁeld of tele-
medicine and will help address the existing de-
ﬁciencies in global healthcare access.
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